regulation is more complex than simple modulation of naturally occurring cell death (NOCD) by neurotrophins and W. D. Snider* § synthesized in axonal target fields (ElShamy and Ernfors, * Center for the Study of Nervous System Injury 1996; Fariñ as et al., 1996; White et al., 1996) . Department of Neurology A subset of sensory neurons that has been particularly Washington University School of Medicine informative about the role of neurotrophins in neuronal St. Louis, Missouri 63110 development is the proprioceptive population that trans- † Department of Neurology mits kinesthetic information from muscle spindles and Boston University School of Medicine tendon organs and mediates the stretch reflex. These Boston, Massachusetts 02118
that the relevant sources of NT-3 are autocrine and/or paracrine, located within DRGs (ElShamy and Ernfors, 1996 ; see also Birren and Anderson, 1993; DiCiccoBloom et al., 1993) . In contrast, Fariñ as et al. (1996) showed that proprioceptive neurons first require NT-3 for survival when they are postmitotic, and that all detectable NT-3 is extraganglionic. This latter study also suggested that NT-3 regulates proliferation (but not survival) of precursors that give rise to the non-proprioceptive population (see also Ockel et al., 1996) .
To clarify the importance of target-derived sources of NT-3 to the development of proprioceptive neurons, we generated mice in which NT-3 is overexpressed in skeletal muscles at an early age under the control of the myogenin promoter (myo-NT-3 mice). Myogenin belongs to the MyoD family of helix-loop-helix transcription factors and is selectively expressed in developing skeletal muscles. Its promoter has been shown to drive gene expression in myotomes as early as embryonic day (E) 9.5 (Cheng et al., 1992) . In this study, we introduced the myo-NT-3 transgene into muscles of wild-type and NT-3 null mutant mice. We have observed that musclederived NT-3 is sufficient on its own to support the development of proprioceptive neurons and may be the In contrast, muscle NT-3 exerts no influence on the size to generate myo-NT-3 mice. The transgene was excised using NotI of the population of non-proprioceptive DRG neurons.
(N) and XhoI (X) sites. B, BamHI. (B) Southern blot analysis of tail genomic DNA from wild-type (WT) and three myo- No. 5158, and No. 5160) . BamHI-digested genomic DNA (8 g) was hybridized with a digoxigenin-labeled NT-3 probe, yielding a 15 kb fragment containing the Results endogenous NT-3 gene (WT) and the abundant 0.8 kb NT-3 transgene (myo-NT-3; lanes 2-4).
NT-3 Expression in Myo-NT-3 Transgenic Mice
Transgenic mice that selectively overexpress NT-3 in skeletal muscle were generated by using the musclespecific myogenin promoter. The myo-NT-3 construct detected in developing muscles as early as E11.5 (Figures 2B and 2D) . This high level of expression reflected is shown in Figure 1A . Injection of the construct yielded four founder mice, confirmed by Southern blot analysis a combination of endogenous and transgenic NT-3 mRNA. Importantly, levels of NT-3 mRNA in developing ( Figure 1B ). Three lines (No. 5150, No. 5158, and No. 5160) passed the myo-NT-3 transgene to their offspring, muscles in myo-NT-3 mice appeared comparable to levels of endogenous NT-3 in the ventral horn of the spinal and one line (No. 5160) was selected for further detailed analysis. All lines of myo-NT-3 mice were viable and cord (Figure 2, arrows) . Higher than normal levels of NT-3 mRNA expression persisted in skeletal muscles could not be distinguished from wild-type littermates by size or appearance.
throughout fetal development and into the first 2 postnatal weeks (Figures 4B and 4D) . By 5 weeks after birth, In order to determine the developmental course of myo-NT-3 expression, in situ hybridization of however, expression of the NT-3 transgene was downregulated and NT-3 mRNA signal in myo-NT-3 muscles mRNA was performed at different stages of prenatal (E11.5-E14.5) and postnatal (P0, P15, and P30) developwas similar in intensity to that of wild-type littermates (not shown). ment in myo-NT-3 mice and compared to wild-type littermates ( Figure 2 ). In accordance with previous reports, In addition to the diffuse intramuscular NT-3 mRNA expression, foci of more intense expression were scatwild-type mice exhibited low levels of NT-3 mRNA in the myotome, periganglionic mesenchyme, and premuscle tered throughout late fetal and postnatal muscles of both myo-NT-3 and wild-type mice, often located in masses of developing limb buds at the earliest day examined (E11.5, Figure 2A ; see also Schecterson and proximity to intramuscular nerve bundles (see Figure 4 ). These foci of intramuscular NT-3 mRNA were assumed Bothwell, 1992; Fariñ as et al., 1996; White et al., 1996) . Notably, the highest level of NT-3 mRNA expression in to correspond to sites of developing muscle spindles. They were more numerous and displayed a more intense wild-type mice was observed in the ventral horn of the spinal cord directly adjacent to the forming DRG (Figures signal in myo-NT-3 than in wild-type muscles (see below). 2A and 2C, arrows). The initially diffuse expression of NT-3 mRNA in muscles became increasingly restricted Increased levels of NT-3 mRNA resulted in increased levels of NT-3 protein in myo-NT-3 muscles. The level and by the day of birth was confined to the intrafusal fibers of muscle spindles (Figure 4C , arrow; see also of NT-3 protein, as determined by an enzyme-linked immunosorbent assay at P7, was six times higher (p Ͻ .
In myo-NT-3 mice, high levels of NT-3 mRNA were 0.0001) in the transgenic medial gastrocnemius muscles (14.9 pg/100 g of protein; SD Ϯ 6.5, n ϭ 6) than in wild-DRG was determined in 4-to 5-week-old mice (Table  1) . Transgenic mice had a small but significant increase type littermates (2.5 pg/100 g; SD Ϯ 1.1, n ϭ 4). In contrast, the NT-3 protein level was comparable (P ϭ (11%; p Ͻ 0.05) in the overall number of DRG neurons relative to wild-type littermates. In addition, dorsal spinal 0.82) between transgenic (3.9 pg/100 g; SD Ϯ 0.57, n ϭ 6) and wild-type (4.5 pg/100 g; SD Ϯ 0.57, n ϭ 4) roots in myo-NT-3 mice had a 24% increase (p Ͻ 0.05) in the number of myelinated axons relative to wild-type cardiac muscles, consistent with the fact that myogenin is not expressed in cardiac muscle (Cheng et al., 1992) .
littermates. Thus, the majority of the supernumerary neurons in DRGs of myo-NT-3 mice gave rise to myelinated nerve fibers.
Amount of Muscle NT-3 Regulates the Number of Proprioceptive Neurons
To determine whether the population of proprioceptive neurons is selectively increased in DRGs of myo-NT-3 To determine the effect of increased levels of muscle NT-3 on DRG neurons, the number of neurons in the L4 mice, we counted neurons that express parvalbumin mRNA in L4 DRGs ( Figures 3A-3D ). Parvalbumin, a callabeling of thoracic DRGs in newborn myo-NT-3 mice revealed an impressive increase in the number of axons cium binding protein, is an established marker of NT-3-dependent proprioceptive neurons (Celio, 1990 , 1994; . At 4 weeks of age, myo-NT-3 mice had 50% more DRG neurons expressing quantitatively, Ia axons projecting into the region of ventral spinal motoneurons were clearly more numerous parvalbumin mRNA than wild-type littermates (Table 1, Figure 3A ). In contrast, NT-3 ϩ/Ϫ mice, which have a dein myo-NT-3 newborns than in wild-type littermates. In contrast, the density of Ia afferents projecting to the creased NT-3 protein level in muscles and fewer proprioceptive neurons in DRGs, had a 66% reduction (442 Ϯ ventral horn was appreciably reduced in NT-3 ϩ/Ϫ mice. The differences in the density of Ia projections among 91.1 SEM, n ϭ 5) in the number of parvalbumin-expressing neurons compared to wild type, consistent with a mutants containing different amounts of NT-3 in muscles provide further evidence that muscle-derived NT-3 previous report .
Supernumerary DRG neurons in myo-NT-3 mice could regulates proprioceptive neuron numbers. To determine whether muscle or skin was the target arise from an effect of NT-3 on proliferation, differentiation, or survival. To determine whether NT-3 overexpresof peripheral projections of the supernumerary DRG neurons, we compared the number of myelinated axons sion in muscle affected the survival of sensory neurons, we examined the rate of cell death in developing lumbar in one cutaneous (saphenous) and two muscle nerves (medial gastrocnemius and soleus). The saphenous DRGs by determining the number of apoptotic figures. Myo-NT-3 embryos were examined at E11.5-E13.5 benerve in wild-type mice contained ‫035ف‬ myelinated axons, a number comparable to transgenic littermates (Tacause considerable neuronal loss occurs in wild-type DRGs at this developmental stage (Fariñ as et al., 1996;  ble 1). In contrast, the medial gastrocnemius muscle nerve contained 80% more myelinated fibers in trans- White et al., 1996) . At E11.5 and E12.5, no significant difference in the genic than in wild-type mice ( Table 1 ), indicating that peripheral target hyperinnervation in the transgenic number of apoptotic figures was observed between myo-NT-3 and wild-type littermates (data not shown).
mice was directed to skeletal muscles rather than skin. However, not all muscles were grossly hyperinnervated However, at E13.5, significantly fewer apoptotic figures were observed in the DRGs of transgenic mice (wild in myo-NT-3 mice. The nerve to the soleus muscle showed a much smaller but significant 10% increase in type ϭ 51.4 Ϯ 5.9 SEM; myo-NT-3 ϭ 35.2 Ϯ 4.1; p Ͻ 0.05). This reduction in the incidence of apoptotic cells myo-NT-3 mice compared to wild-type mice (Table 1) . Muscle spindles are the principal peripheral targets of supports the idea that a decreased rate of NOCD may underlie the origin of supernumerary neurons in transproprioceptive neurons, and spindle density in a muscle correlates with the density of Ia neurons in correspondgenic DRGs. Interestingly, the decreased number of dying cells in DRGs occurred at least 1 day after axons of ing DRGs (Zelená , 1957 (Zelená , , 1994 . We therefore examined whether the increase in the number of parvalbuminthe earliest-born neurons had presumably entered the regions overexpressing NT-3 in myo-NT-3 embryos (Faexpressing (proprioceptive) neurons is associated with a corresponding increase in the number of spindles in riñ as et al., 1996; White et al., 1996) .
myo-NT-3 muscles. That spindle density may be increased in transgenic muscles was suggested by in situ Central and Peripheral Projections of the Supernumerary DRG Neurons hybridization for NT-3 mRNA that showed a higher density of foci of intense NT-3 expression (presumed spinTo strengthen the evidence for the presence of supernumerary proprioceptive neurons in myo-NT-3 mice, we dles) in myo-NT-3 relative to wild-type muscles ( Figure  4D , arrows). Spindle counts in three different lines of examined the types of central and peripheral connections made by DRG neurons. The major class of proprioadult myo-NT-3 mice ( Figure 4F ) confirmed this impression and revealed a remarkable 3-fold increase in the ceptive neurons, group Ia afferents, project to motoneurons in the spinal cord and to spindles in muscles. DiI number of spindles in the medial gastrocnemius muscle. Similar counts of spindles were made on the day of gene production was down-regulated postnatally, it is important to note that, in adulthood, spindle numbers birth when an entire limb could be sectioned and analyzed. For this analysis, only line No. 5160 was used.
in the medial gastrocnemius and other muscles with an increased spindle count remained elevated to the same Similar to adults, neonatal medial gastrocnemius muscles had a 3-fold increase in spindles in myo-NT-3 mice, degree as in newborn myo-NT-3 mice. The intramuscular distribution of spindles was atypiand the increase in spindle number was not restricted to the medial gastrocnemius (see Table 2 ). Examination cal in myo-NT-3 muscles. Spindles in myo-NT-3 muscles frequently occurred in clusters rather than singly, as is of spindle number in other hind limb muscles, including the lateral gastrocnemius and extensor digitorum loncharacteristic of wild-type muscles (see Figures 4D and 4E). The spindle clusters consisted of up to 10 individual gus, resulted in similar increases. Trunk muscles such as the paraspinals were also overpopulated with spindles spindle units positioned side by side, and often exhibited a partial fusion of their capsular envelopes. These clus-(data not shown). There were, however, two exceptions. In line with the normal count of myelinated fibers in tered spindles typically occurred close to major intramuscular nerve bundles and received numerous large muscle nerve, the soleus muscle did not exhibit an increase in spindle density, nor did the external hallucis and small myelinated axons. Similar to wild-type spindles, most spindles of myo-NT-3 muscles contained four longus muscle. Finally, even though NT-3 mRNA trans- 
The total number of spindles within individual muscles was determined in 1 m thick plastic sections through the length of the muscle. Counts are followed by SEM. MG, medial gastrocnemius, EDL, extensor digitorum longus; and EHL, extensor hallucis longus.
intrafusal fibers that carried both sensory and motor endings.
Transgenic Muscle NT-3 Supports the Development of Proprioceptive Neurons in the Absence of Endogenous NT-3
To examine whether muscle NT-3 can support the development of proprioceptive neurons in the absence of other sources of NT-3, myo-NT-3 mice were bred with mice heterozygous for an NT-3 gene deletion Fariñ as et al., 1994) to generate mice in which NT-3 was expressed in muscles only (myo-NT-3, NT-3 Ϫ/Ϫ ; Figure 5 ). A representative Southern blot containing DNA from myo-NT-3, Ϫ/Ϫ mice is shown in Figure 6B . The myo-NT-3, Ϫ/Ϫ mice died soon after birth, similar to NT-3 null mutants Fariñ as et al., 1994) . Since transgenic NT-3 was not expressed in cardiac muscle (see above), we assume that the premature death of myo-NT-3, Ϫ/Ϫ newborns was due to defects in cardiac development similar to those reported in NT-3 Ϫ/Ϫ mutants (Donovan et al., 1996) .
Examination of DRGs from NT-3 Ϫ/Ϫ mice confirmed that parvalbumin-expressing neurons are virtually absent in NT-3 Ϫ/Ϫ mutants , and that trkC neurons are sharply reduced in number (Tessarollo et al., 1994; see Figures 6B and 6E) . In striking contrast, many neurons expressing trkC and parvalbumin mRNA were detected in myo- Ϫ/Ϫ newborns, suggesting the presence of proprioceptive neurons ( Figures 6C and 6F ). To address whether these trkC, parvalbumin-expressing neurons had acquired the proprioceptive phenotype, we examined their central and peripheral projections. Muscle spindles could be detected in limbs of myo-NT-3, ted in myo-NT-3, NT-3 Ϫ/Ϫ mice, presumably due to the introduction of transgenic NT-3 into muscles.
The suggestion that proprioceptive neurons were reslacking endogenous NT-3 did not prevent the greater part of the reduction in DRG number, suggesting that cued in NT-3 Ϫ/Ϫ mice by transgenic muscle NT-3 was further supported by the examination of neuronal numnonmuscle sources of NT-3 are required to ensure the development of the full complement of non-propriocepbers in the L4 DRG among NT-3 Ϫ/Ϫ ; myo-NT-3, NT-3 Ϫ/Ϫ ; and wild-type mice (Table 3 ). The NT-3 Ϫ/Ϫ mutants tive DRG neurons. Not all proprioceptive neurons were rescued in myoshowed a 63% deficiency of DRG neurons, in line with previous reports Fariñ as et al., NT-3, NT-3 Ϫ/Ϫ mice, however. Only 10% of DRG neurons were rescued, whereas 14%-19% of neurons in wild-1996), whereas the loss was only 54% in myo- Ϫ/Ϫ newborns (Table 3) . Thus, the presence of the type DRGs are proprioceptive (Carr et al., 1989; Fariñ as et al., 1994) . That not all Ia neurons were rescued is NT-3 transgene in muscles of NT-3 Ϫ/Ϫ mice results in slightly increased survival and/or differentiation of DRG supported by counts of parvalbumin-expressing neurons in DRGs (Table 3) With regard to spindles, only in the medial gastrocnespindles among limb muscles of myo-NT-3, NT-3 Ϫ/Ϫ mice was similar to that of myo-NT-3 mice, with the medial mius muscle was the number of spindles comparable between the rescue NT-3 Ϫ/Ϫ mutants and wild-type litgastrocnemius containing more spindles than the plantaris muscle. The failure of spindle rescue in the soleus termates. About one-half the normal complement of spindles was present in plantaris muscles, and there paralleled the failure of the myo-NT-3 transgene to upregulate spindle formation in this muscle. The clustering were no spindles in the soleus muscles of myo-NT-3, NT-3 Ϫ/Ϫ mice. It is noteworthy that the distribution of of spindles, a prominent feature of myo-NT-3 muscles, 1103 Ϯ 65.7 (n ϭ 6) N.E. 900 Ϯ 109.9 (n ϭ 6) Spindles MG 9.6 Ϯ 0.2 (n ϭ 7) 0 9.7 Ϯ 0.5 (n ϭ 6) Plantaris 10 Ϯ 0.4 (n ϭ 4) 0 5.4 Ϯ 0.75 (n ϭ 5) Soleus 10.6 Ϯ 0.2 (n ϭ 5) 0 0 Ϯ 0 (n ϭ 6)
Counts are followed by SEM. parv., parvalbumin mRNA expressing; MG, medial gastrocnemius; and N.E., not examined.
was also preserved in myo-NT-3, NT-3 Ϫ/Ϫ muscles. The even when it is provided in excess, are highly specific for the sensory afferents, which project to those locations. clustered spindles of myo-NT-3, Ϫ/Ϫ medial gastrocnemius and plantaris muscles were innervated by nuAlthough myogenin is expressed prior to E11.5, and expression of myo-NT-3 could have resulted in an inmerous unmyelinated axons and contained one to four intrafusal fibers, similar to spindles of newborn myocreased NT-3 level in the proximity of early DRGs, we found no evidence that transgene-derived NT-3 affected NT-3 muscles.
the rate of apoptosis in DRGs at this early stage. Instead, the extent of apoptotic cell death was decreased in Discussion transgenic relative to wild-type DRGs at E13.5, a stage of development when afferents have already innervated Level of NT-3 in Muscle Regulates Proprioceptive Neuron Number premuscle masses and have become exposed to muscle-derived NT-3 (Schecterson and Bothwell, 1992; KucWe have used a transgenic mouse model to examine the role of muscle-derived NT-3 in the development of era et al. Fariñ as et al., 1996) . Taken together, our results suggest that amounts of NT-3 in periganglionic NT-3-dependent sensory neurons. Targeted overexpression of NT-3 resulted in an increased production of tissues and muscle precursors at E11.5-E12.5 are sufficient to support all potential muscle afferents that form both NT-3 mRNA and NT-3 protein prior to the time when proprioceptive axons reach the developing muscle as during this time, and that the final number of proprioceptive neurons is achieved after E12.5, at which time the well as during the time when the muscle proprioceptive system ordinarily differentiates. The increase in muscle amount of NT-3 in muscles becomes limiting relative to proprioceptive neuron number. Such a limiting effect NT-3 resulted in an 11% increase in the total number of DRG neurons, which reflected a 50% increase in the could result from a relatively abrupt drop in muscle NT-3 level after E12.5. In fact, the highest levels of NT-3 were number of neurons expressing parvalbumin, a marker of proprioceptive neurons (Celio et al., 1990; observed at the earliest stages of limb innervation by afferents, followed by a decrease in expression of NT-3 al., 1994) . That the proprioceptive population is increased in myo-NT-3 mice was confirmed by increased as innervation is established in muscle and skin (Fariñ as et al., 1996) . Thus, we conclude that increasing the density of Ia afferents in the spinal cord and hyperinnervation of muscles by proprioceptive afferents. These amount of available NT-3 in developing muscles of myo-NT-3 mice at a time when NT-3 levels normally diminish effects, taken together with the known gene dosedependent survival requirement of proprioceptive neuacts to decrease the extent of NOCD of proprioceptive neurons, thereby resulting in more DRG neurons and rons for NT-3 Kucera et al., 1995) , suggest that muscle levels of NT-3 are a critical determimore afferents innervating muscles in myo-NT-3 mice. nant of proprioceptive neuron number.
Significantly, sensory abnormalities in myo-NT-3 mice Proprioceptive Afferents Are Instructive for Muscle Spindle Formation were limited to muscle afferents, reflective of targeted overexpression of NT-3 in muscles only. The number of
The formation of muscle spindles depends on the presence of Ia afferents in muscle during development (Zelmyelinated nerve fibers in the saphenous nerve, a purely cutaneous hindlimb nerve, was comparable between ená , 1957 , 1994 Kucera et al., 1995) . However, whether proprioceptive afferents are instructransgenic and wild-type mice. This suggests that the density of skin receptors dependent on NT-3, such as tive or merely permissive for spindle formation during development has not been clarified. The fact that inmechanoreceptive neurons that innervate Merkel cells Albers et al., 1996) , was not creased numbers of proprioceptive afferents in myo-NT-3 mice are associated with a dramatic overproduction of affected as a result of overexpression of NT-3 in muscles. This observation is consistent with the notion that spindles in muscles allows reexamination of the role of afferents in spindle assembly. Our results suggest most, if not all, supernumerary neurons in DRGs and myelinated fibers in dorsal spinal roots of myo-NT-3 the testable hypothesis that levels of muscle NT-3 may contribute to the large variations in spindle number, mice were related to the muscle afferent system. In striking contrast, NT-3 overexpression in developing which normally occur among different muscles.
In line with increased density of spindles, myo-NT-3 skin has no discernible effect on the proprioceptive system (Albers and Kucera, unpublished data). Thus, efmice also displayed increased density of DiI-labeled afferents projecting from DRGs to motor pools of the fects of NT-3 expressed in specific anatomical locations, spinal cord. Thus, the extra spindles of transgenic musand P1 in hind limbs (Fariñ as et al., 1996) . Thus, supernumerary muscle sensory axons may normally be elimicles can be assumed to have the potential of participating in segmental motor control as well as transmitting nated coincident with NT-3 down-regulation, but maintained by excess NT-3 in myo-NT-3 mice. kinesthetic information from limbs to CNS centers. The effects of increasing the numbers of proprioceptive af-A consistent feature of myo-NT-3 mice was the lack of increase in the number of muscle spindles in the ferents on structures within the spinal cord and brain stem have not been fully explored, but preliminary resoleus, a major postural muscle, even when muscles such as medial gastrocnemius and plantaris had grossly sults suggest that myo-NT-3 mice possess substantially more spinal neurons in Clarke's Column than controls elevated spindle counts. Importantly, the normal number of spindles in the soleus muscle in myo-NT-3 mice (Wright and Snider, unpublished data) . These results are reminiscent of the powerful effects that whiskers have was associated with a near normal number of myelinated axons in its nerve. Two possibilities can be considin regulating all aspects of the trigeminal sensory neuroaxis (reviewed by Woolsey, 1990; Killackey et al., ered to account for the apparent unresponsiveness of the soleus muscle to NT-3 overexpression. First, super-1990), and suggest that levels of neurotrophins in peripheral tissues may have an important role in the regulanumerary proprioceptive axons may never have reached the soleus muscle because they were diverted en route tion by peripheral inputs of brain regions devoted to somatosensory processing.
due to excess NT-3 expressed by other, more proximal muscles. Second, overexpression of NT-3 in soleus More than one mechanism may be involved in the generation of new spindles. There is ordinarily a 1:1 ratio muscle may not have reached the level necessary to induce branching of afferents in the muscle or its nerve, between spindles and Ia neurons because Ia afferents branch neither in nerve trunks nor in muscles (Boyd, and as a result, few if any supernumerary spindles formed. It is noteworthy that most soleus myofibers ex-1962). The number of spindles was increased by Ͼ300% in some of the limb muscles examined. Spindle overpropress the same myosin isoform (slow beta cardiac) as the cardiac muscle, which did not express the myoduction of this magnitude would imply a much greater increase in the number of Ia neurons than was observed NT-3 transgene (see Buckingham, 1996) . Comparative studies of NT-3 protein levels between soleus and mein the counts of parvalbumin-positive neurons. It is possible that the increased levels of NT-3 in myo-NT-3 mice dial gastrocnemius muscles at different stages of development will be needed to address this possibility in caused increased branching of afferent axons within the muscle nerve or intramuscularly and that each axonal myo-NT-3 mice. branch gave rise to a spindle. Evidence in support of this idea is provided by the characteristic clustering Muscle NT-3 Is Sufficient to Ensure Development of spindles in myo-NT-3 muscles. Similar clustering in of Proprioceptive Neurons association with spindle overproduction was observed Both parvalbumin-expressing neurons and muscle spinin reinnervated nerve-crushed muscles of neonatal rats, dles were present in myo-NT-3, NT-3 Ϫ/Ϫ mice, whereas and was ascribed to excessive branching of Ia afferents, they are absent in NT-3 Ϫ/Ϫ mutants . even though the number of Ia neurons was not increased This partial rescue of NT-3 Ϫ/Ϫ mutants by the myo- NT-3 (Miyata et al., 1986; Kucera and Walro, 1992; transgene demonstrates that sensory neurons can ac-1994). Thus, two possible mechanisms may account for quire the proprioceptive phenotype and survive in the the increased spindle generation in myo-NT-3 mice: an absence of NT-3 expression in tissues other than musincreased number of Ia neurons, and excessive branchcle. Thus, muscle-derived NT-3 is sufficient to support ing of Ia afferents in the muscle nerve or intramuscularly.
all aspects of neuronal differentiation that are required Once induced, endogenous expression of NT-3 in the to produce competent Ia neurons capable of projecting supernumerary spindles may be actively maintained by to the appropriate regions of the spinal cord and musafferents even when the myo-NT-3 transgene NT-3 is cles. Furthermore, NT-3 expression in developing musno longer active, accounting for the continued survival cles is sufficient to maintain the neurons throughout the of corresponding neurons into adulthood.
rest of development in the absence of any other sources The apparent excessive branching of muscle afferents of NT-3 including the ventral horn source to which their is interesting in light of the fact that both sensory and central projections normally have access. That NT-3 exmotor axons in muscle nerves are normally more numerpressed in the spinal cord is not necessary for the surous during development than in adulthood (Kucera et vival of proprioceptive neurons has previously been sugal., 1995, and references therein). Moreover, early spingested in experiments using an anti-NT-3 antibody dles are innervated by supernumerary afferents or afferinjected into the spinal cord to neutralize this source ent branches in wild-type rats (Kucera et al., 1989) .
of NT-3 (Oakley et al., 1995) . Perhaps surprisingly, the These extra axons are eliminated well after the period of development of topographically correct Ia neuron cen-NOCD of the parent neuronal populations. For example, tral projections in myo-NT-3, NT-3 Ϫ/Ϫ mice indicates that supernumerary muscle sensory axons are eliminated NT-3 expressed in association with spinal motoneurons between E15 and P7, whereas the bulk of NOCD in the is not required by growing Ia afferents as a guiding or DRG is over by E15 Fariñ as et al., attractant molecule, even though excess NT-3 interferes 1996; White et al., 1996) . The timing of NT-3 expression with Ia afferents reaching motoneurons (Zhang et al., in wild-type mice is appropriate for NT-3 regulation of 1994; Ringstedt et al., 1997) . this process. NT-3 is expressed primarily by fetal my-
The increased rate of apoptosis documented in DRGs oblasts and is down-regulated as myoblasts form mature muscle fibers, a process occurring between E15
of NT-3 Ϫ/Ϫ mice at E11.5 (ElShamy and Ernfors, 1996; Fariñ as et al., 1996; White et al., 1996) as well as other We note that a study of chick embryos has just been published that is fully consistent with our major concluobservations (Tessarollo et al., 1994) suggest that NT-3-dependent neurons (presumed proprioceptors) die an sions. Oakley et al. (1997) ablated the limb bud and showed that target-deprived proprioceptive neurons early death in the absence of NT-3. If so, any rescue of this neuronal population would have to occur at the could be "rescued" from death with exogenous NT-3. Moreover, excess NT-3 was shown to result in an inearliest stages of DRG development to be effective. Consistent with this idea, at E11.5, only minimal apocreased number of spindle afferents in intact chicks. Taking results of these parallel studies of chick and ptosis was observed in myo- Ϫ/Ϫ mice compared to NT-3 Ϫ/Ϫ mice (Wright and Snider, unpublished mouse together, we can conclude that target-derived NT-3 is both necessary and sufficient to ensure the dedata). The most parsimonious explanation of our results is that a population of early-born neurons that ordinarily velopment of proprioceptive neurons, and may be the most important determinant of the final number of these depend on extraganglionic NT-3 for survival (Fariñ as et al., 1996) was retrogradely rescued by the transgene in neurons in DRGs. Thus, the structural organization of the muscle proprioceptive system in adults is determined by NT-3 Ϫ/Ϫ mice at E11.5-E12.5 and acquired the proprioceptive phenotype. It has been postulated that periganthe level of muscle NT-3 at a critical stage of embryonic development. glionic mesenchymal tissues serve as a source of NT-3 prior to the stage when sensory axons become long enough to reach the premuscle mass (Fariñ as et al.,
Experimental Procedures
1996; White et al., 1996) . Given the considerable degree rescue effect on DRG cells is consistent with the idea fragment, which was then used to generate myo- that only one functional subpopulation of neurons was construct DNA (20 g) was digested with XhoI and NotI to remove rescued, namely the proprioceptive neurons. However, the vector sequence, separated by gel electrophoresis, and purified not all potential proprioceptive neurons were rescued.
using Qiaquick spin columns (Qiagen) and NACS prepac columns
It is unclear whether this reflects an incomplete rescue (Life Technologies, Inc.) . The transgene DNA fragment was further of early-projecting proprioceptive neurons or inability to purified using dot dialysis, diluted to 1.5 ng/l in injection buffer (10 mM Tris [pH 7.5], 0.1 mM EDTA, and 10 mM NaCl), and then injected rescue neurons that are born later and project toward following established protocols (Cheng et al., 1992) . B6/CBA founder muscle at a time when the distance between the DRG mice that carried the myo-NT-3 transgene were identified by polyand sites of transgenic NT-3 expression may be greater. The genotypes of these mice were determined by PCR and conmice in the absence of intraganglionic actions of NT-3, firmed by Southern blot analysis. To screen for the NT-3 null mutait is unlikely that precursors of proprioceptive neurons tion in myo-NT-3, NT-3Ϫ/Ϫ mice, a set of three oligonucleotides require NT-3 for survival as suggested by ElShamy and was used: NT-3 forward primer 5Ј-TGGAGGATTATGTGGGCAAC-3Ј; Neo/PGK forward primer 5Ј-GGGAACTTCCTGACTAGGGG-3Ј; Ernfors (1996) . and NT-3 reverse primer 5Ј-CCTTGACAATACTGAATGCC-3Ј. PCR to unmyelinated axons might not be readily identified in paraffinembedded material, but are counted in plastic sections, which procycling conditions were the same as above.
Southern blot analysis was performed by digesting genomic DNA vide higher resolution. Importantly, the neuronal deficit obtained in NT-3 null mutants (62%) was in agreement with the 60%-70% loss with BamHI. Resulting fragments were separated by agarose gel electrophoresis, transferred to nylon membrane, and hybridized with reported previously, based on paraffin-embedded material Fariñ as et al., 1996) . a 293 bp digoxigenin-labeled probe (PCR DIG Probe Synthesis Kit, Boehringer Mannheim, Indianapolis, IN). Hybridization was visual-
The number of myelinated nerve fibers in muscle nerves and dorsal roots were obtained at 100ϫ. Muscle nerves were examined 5 ized with a digoxigenin-luminescence detection kit (Boehringer Mannheim). The probe detected a 15 kb fragment and a 6.1 kb mm proximal to the point of entry of the nerve into the muscle. The number of spindles in muscles was determined by counting the fragment from wild-type and mutant alleles, respectively, and a 0.8 kb fragment from the NT-3 transgene.
numbers of equators in either 1 m plastic sections (newborns) or 12 m paraffin sections from adults. For counts of DRG neurons expressing parvalbumin mRNA, fresh NT-3 Protein Determination frozen L4 DRGs were sectioned at 16 m through the entire ganglia NT-3 protein in muscle was detected using the NT-3 Emax Immunoand hybridized according to the protocols described above. The assay System (Promega, Madison, WI). Briefly, P7 mice were pernumber of parvalbumin-expressing neurons was determined by fused with ice-cold saline, and the medial gastrocnemius and heart counting neurons with a clear nucleus and the presence of silver were quickly excised and frozen using liquid nitrogen. Tissue samgrains (5ϫ background) dispersed in a tight circular profile over ples were extracted with high-salt buffer by sonication. The extracts the neuron from every fourth section. Counts were summed and were subjected to protein assay using the Bradford method (Biomultiplied by four. Correction factors to account for split nuclei were Rad). Equal amounts of protein extracts (10 g) were analyzed in not used for these comparisons. duplicate following the manufacturer's instructions. Test samples were compared with the linear part of a standard NT-3 curve to determine the NT-3 concentration in pg/100 g extracted protein.
DiI Labeling Newborn mice were used to examine the central afferent projections in thoracic cord. Mice perfused with 4% paraformaldehyde were In Situ Hybridization placed on their backs and eviscerated. Small crystals of DiI (MolecuIn situ hybridization was performed on fresh frozen sections followlar Probes, Eugene, OR) were placed on intercostal nerves with the ing published in situ hybridization protocols (see Wright and Snider, aid of a dissecting microscope. Labeled embryos were stored in 1995, for a detailed description). To synthesize riboprobes, the fol-10% formalin at 37ЊC for 5-7 days; spinal cords were then excised, lowing cDNAs were used: a 780 bp fragment encoding mouse NT-3, embedded in agar, and sectioned in the transverse plane (75 m) a 345 bp fragment encoding parvalbumin, and a 577 fragment enusing a vibratome. Preparations that were photoconverted to procoding the extracellular domain of trkC (JDM 837). RNA transcription duce a permanent label were processed according to previously from linearized plasmids occurred in vitro in the presence of 90 Ci published protocols (Ozaki and Snider, 1997). [ 33 P]UTP (Amersham, Arlington Heights, IL) using either T7 or T3 RNA polymerases. Sections were hybridized with either antisense or sense riboprobes (1 ϫ 10 6 cpm/slide) diluted in hybridization In Situ Apoptosis Detection mixture. Hybridization mixture (60 l) was applied per slide and Unfixed 20 m transverse frozen sections of embryos of different hybridized overnight at 60ЊC. Posthybridization washes consisted ages were processed to visualize cells undergoing apoptosis using of sequential rinses in 37ЊC warmed SSC and RNase treated for 30 the Apoptag Kit-Fluorescein according to the manufacturer's inmin at 45ЊC (RNase A, 40 g/ml). Slides were emulsified in Kodak structions (Oncor, Gaithersburg, MD). Sections were visualized un-NTB-2 and stored at 4ЊC for 2 weeks before developing.
der epifluorescence, and counts of apoptotic figures were performed in at least 30 lumbar DRG sections per animal. The mean Tissue Processing for Light Microscopy number of apoptotic figures per section was determined for each Mice anesthetized with sodium pentobarbital (65 mg/ml at a dose animal. Because it was difficult to identify particular lumbar ganglia of 0.4 ml/100 g body weight) were perfused with 2.5% gluteraldeat E11.5 and E13.5, we compared rostral sections with caudal sechyde-2% paraformaldehyde in 0.1 M cacodylate buffer. The lumbar tions. This revealed no noticeable differences in apoptotic figures spinal column and hind limbs were excised, fixed for 2 hr, postfixed between levels at the developmental stages studied. The extent of for 1 hr in 1% OsO 4, and embedded in Eponate 12. The L4 DRG death in myo-NT-3 mice could have been slightly underestimated (the ganglion associated with the thickest of the three spinal nerves using this method if there were more sections through lumbar gangiving rise to the sciatic nerve) and the corresponding dorsal spinal glia in the transgenic mice. However, since myo-NT-3 mice conroot were serially sectioned at 1 m thickness. Hind limbs of newtained only 10% more neurons than wild type, such an effect, if borns were cross sectioned at 1 m thickness from the ankle to present, would have been small. Significant differences between the knee. Adult muscles and muscle nerves were similarly cross wild-type and null mutant mice of a given embryonic age were sectioned in the transverse plane, collecting every 20th section. All determined by one-way analysis of variance. Post hoc comparisons sections were stained with toluidine blue.
were done with the Bonferroni test.
Analyses

